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Past research on stereoscopic depth perception among the elderly has led to 
inconsistent findings. Some research on stereopsis and aging has found that younger and 
older adults are essentially the same in terms of their stereoscopic ability, while other 
research has found evidence of large differences. This past research has largely been 
limited to investigations of stereoacuity. The purpose of Experiment 1 was to extend this 
earlier research to compare how older and younger observers perceive the magnitude of 
stereoscopically defined depth intervals. Random-dot stereograms depicting sinusoidal 
surfaces were shown to seven younger (i.e., ages 30 and below) and six older (i.e., ages 
60 and above) adults. These surfaces were defined by three levels of peak-trough image 
disparity, two spatial frequencies, and two densities of texture elements. The observers' 
task was to estimate the magnitude of the depth interval between the surfaces' peaks and 
troughs. It was found that the perceived depth intervals of the younger observers were 
closer to those predicted by the geometry of stereopsis: as disparity increased, so did the 
magnitudes of their perceived depth intervals. This finding was also true for the five out 
of the six older adults, but the magnitudes of their perceived depth intervals were less 
than their younger counterparts. The high frequency surfaces were more difficult to 
perceive for both groups, but were especially difficult for the elderly. In contrast, texture 
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element density had essentially no effect upon the observers' performance for both 
groups. The results of this experiment showed that the elderly have a significant amount 
of stereoscopic functionality that is not qualitatively different from younger adults. 
Experiment 2 was designed to compare older and younger observers' ability to perceive 
the shape of stereoscopic surfaces. In this experiment, four different surfaces defined by 
disparity (i.e., bumps, saddles, vertical cylinders, and horizontal cylinders) were shown to 
five younger (i.e., 30 and below) and five older (i.e., 60 and above) observers. The 
random-dot stereograms varied in terms of their texture element density and amount of 
correspondence. The results showed that the older observers were less sensitive to 
stereoscopic depth and curvature. In all other respects, however, the results for the older 
observers were essentially identical to those of the younger observers. In particular, the 
reductions in density and correspondence led to nearly identical declines in performance 
for both age groups. In summary, the results of both experiments showed that, despite 
some reductions in perceptual sensitivity, older adults can effectively perceive and 
discriminate the shape and depth of stereoscopic surfaces. 
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Chapter 1 
Introduction 
Over the past 150 years, many researchers have examined how humans perceive 
the shape of objects. The two most important optical sources of information that are used 
to perceive object shape and depth are motion parallax and stereopsis. When one moves 
his or her head while viewing an object monocularly, the person sees the object from 
multiple vantage points. Such movement creates motion parallax: the differential retinal 
motions of objects at different distances (see Howard & Rogers, 1995; Todd & Norman, 
1991). This phenomenon has been known for more than one hundred years. For 
example, Helmholtz (1995, p. 282) stated in a 1871 lecture: 
For it must be observed that as we use different pictures seen with the two eyes 
for the perception of depth, in like manner as the body moves from one place to 
another, the pictures seen by the same eye serve for the same purpose. In moving, 
whether on foot or riding, the nearer objects are apparently displaced in 
comparison with the more distant ones; the former appear to recede, the latter 
appear to move with us. Hence arises a far stricter distinction between what is 
near and what is distant, than seeing with one eye from one and the same spot 
would ever afford us. 
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Motion parallax not only occurs whenever observers move relative to objects but 
also when objects move relative to them (see Figure 1). Stereopsis, the use of two eyes to 
perceive three-dimensional (3-D) shape and depth, is fundamentally similar to motion 
parallax, because both involve the concept of disparity. For example, for motion 
parallax, objects at different depths produce different (i.e., disparate) velocities on the 
back of an observer's eye when an observer moves relative to them. When this observer 
views the same objects binocularly (i.e., with two eyes), disparity also occurs in the 
projected positions of the objects across the two eyes' retinal images (Norman & Todd, 
1998; see Figure 2). 
Stereopsis refers to the ability to use the small differences that occur between the 
two eyes' retinal images to recover information about the 3-D layout of objects within a 
scene, as well as depth variations within a single object's surface (see Julesz, 1971; 
Norman, Lappin & Zucker, 1991). It has been found that stereopsis provides humans 
with more precise information about depth than any other optical source of information 
(McKee, Levi, & Bowne, 1990). For example, Westheimer and McKee (1978, 1979) 
found that observers can detect differences in depth smaller than the diameter of a single 
photoreceptor in the retina. In addition, Helmholtz (1910/1925) conducted an experiment 
where he mounted three needles side by side at a distance of about half a meter. He 
discovered that all it took to perceive that the three needles were at different depths was 
to move one needle half the distance of its diameter (about a quarter of a millimeter). 
This level of performance revealed a remarkable sensitivity to differences in depth. 
A 
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Figure 1. A schematic illustration of the motion parallax that occurs when an 
observer moves relative to two objects separated in depth while fixating the 
horizon. 
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- Figure 2. An example of disparity between the two eyes' retinal images 
when viewing two points separated by a distance (d) in depth. 
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The systematic study of stereopsis began with Wheatstone's investigations in 
1838. He created a variety of stimuli by drawing objects. He would draw an object 
twice, as it appeared from two different vantage points located several centimeters apart. 
Such pairs of images are known as stereograms (see Figure 3). Wheatstone found that 
when one image was presented to the right eye and the other image to the left eye, they 
would perceptually fuse together and appear as a single, solid 3-D scene. The 
stereograms produced the same retinal disparities that would naturally occur when 
viewing 3-D objects in the real world. From these results, Wheatstone concluded that 
"the mind perceives an object of three dimensions by means of the two dissimilar pictures 
projected by it on the two retinae" (Wheatstone, 1838, p. 373). 
Wheatstone's type of stereogram, containing monocularly visible contours, was 
widely used (e.g., Ogle, 1956) until the advent of the modern digital computer, when 
random-dot stereograms were developed (Julesz, 1971). A random-dot stereogram is a 
computer generated display of dots, where the dots have different positions (i.e., 
disparities) in the two eyes' views. In a typical stereogram, every dot in one eye's view 
has a corresponding partner, with a slightly different position, in the other eye's view. As 
the amount of disparity between two corresponding dots increases, the perceived depth 
interval between those points also increases. Therefore, by controlling the disparity of 
each dot, elaborate 3-D scenes can be generated (for example, see Figure 4). When the 
disparate images are presented to both eyes simultaneously, a 3-D scene appears. 
However, if either of the images is viewed by only one eye, all that is seen by the 
observer is a random, two-dimensional pattern of dots. Therefore, by using a random-dot 
Figure 3. Examples of Wheatstone's stereograms. Reprinted with knowledge and 
permission of the Royal Society of London. 
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Figure 4. An example of a random-dot stereogram depicting a 3-dimensional 
surface resembling a five-pointed snowflake. 
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stereogram, the experimenter ensures that what is being tested is an observer's 
stereoscopic ability, because the dots themselves do not depict any monocularly 
recognizable form. Although stereopsis is important for the perception of object shape, 
not everyone has this ability. For example, Richards (1970) tested 150 students at 
Massachusetts Institute of Technology and found that four percent had no stereopsis. 
These people must use other optical sources of information to perceive the 3-D layout of 
objects in the world around them (e.g., motion parallax). 
Stereopsis is an ability that allows humans to make fine discriminations about the 
shape and location in depth of objects in the environment. However, it often seems that 
as people age, their ability to perform everyday tasks becomes more difficult. For 
example, activities such as getting out of bed, putting on clothes, getting in and out of the 
bathtub, walking up and down stairs, driving a vehicle, etc. often become difficult for the 
elderly. Previous research on stereopsis is divided about whether or not it is affected by 
aging. If it is, then perhaps a reduction in stereoscopic ability is a contributing factor to 
the decline in older adults' everyday functionality. 
Over the years, stereopsis has been one of the most tested aspects of depth 
perception among the elderly. For example, Jani (1966) conducted an early experiment to 
assess the stereoscopic ability of 1,207 observers. Evidence of stereoscopic failures was 
found to begin between the 40 to 49 and 50 to 59 year-old age groups, and the failures 
escalated with age. In 1972, Bell, Wolf, and Bernholz tested the stereopsis of 164 healthy 
veterans aged 20 to 70 years old using a Verhoff stereopter. This instrument measures 
stereopsis using three moveable rods. Two of the rods are located at the same distance 
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from the observer, while the third rod is located either nearer or farther relative to the 
other two. The observer's task was to indicate which rod was either nearer or farther than 
the other two rods. Bell, Wolf, and Bernholz (1972) found that a decisive change 
occurred between the ages of 40 and 50 years. More recently, Wright and Wormald 
(1992) found that full stereoscopic functionality decreased steadily from the ages of 60 
onwards. However, it may be important to note that neither Jani (1966), Bell, Wolf, and 
Bernholz (1972) nor Wright and Wormald (1992) used random-dot stereograms, and it 
cannot be certain, therefore, that what they were measuring was the observers' 
stereoscopic ability per se. It is surprising that these researchers did not use random-dot 
stereograms given that they were invented by Bela Julesz in the early 1960s. 
A common conclusion in the aging literature is that stereopsis declines during the 
fifth decade of life. According to Greene and Madden (1987), there might be a single, 
underlying cause for all of the decreases in visual functioning that are known to be 
associated with age. To test this hypothesis, they conducted an experiment to see if 
contrast sensitivity, stereopsis, near and distance acuity changed similarly with age. 
Twenty-four young adults (ages 17 to 25) and twenty-four healthy older adults (ages 60 to 
75) served as participants. Their visual acuity was measured using the Landolt C test. 
All of the observers wore corrective lenses, if required. Their stereoscopic ability was 
measured using random-dot stereograms, viewed at 40 cm. The stimuli were sets of 
targets, and the task for the observers was to identify which one of the targets appeared to 
stand out in depth. Four of the older adults were not able to perceive the depth in the 
stereograms, so their results were not included in the data analysis. After the exclusion of 
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these observers, the results showed no difference in stereopsis between the younger and 
older adults. After all four measures of visual ability were taken into account, the only 
significant difference between the age groups was their sensitivity to contrast. 
Another experiment that found no age-related differences in stereoscopic ability 
was conducted by Hofstetter and Bertsch (1976). They measured the stereoscopic 
absolute threshold of 242 participants from ages eight to 46 years old. Each observer's 
visual acuity was checked, and in order to be included in the experiment it had to be 
20/20 or better in each eye. The results showed no consistent trend throughout the ages 
tested, nor were there any statistically significant differences in threshold between age 
groups. Also, there was no effect of gender. The authors criticize those experimenters 
who find significant decreases in stereopsis with age by claiming that their sample sizes 
are too small and their findings are thus not representative. This remark is an intriguing 
one because it is the same criticism of Wright and Wormald (1992), who rebuke those 
experiments that do not find differences in stereopsis as one ages. It is surprising that 
Hofstetter and Bertsch (1976) did not include a sample from an upper age group (i.e., 50 
to 70). More recently, however, other researchers have supported Hofstetter and 
Bertsch's (1976) findings of no age-related differences. In 1989, Yekta, Pickwell, and 
Jenkins conducted an experiment in which 187 observers from the ages of 10 to 65 were 
examined. Each observer had good or corrected to good visual acuity. They found that 
there was no change in stereoscopic ability with increasing age. 
Chapter 2 
Experiment 1 
The findings of previous studies on aging and stereopsis are conflicting and 
contradictory. Half of the researchers found an age-related decrease in stereopsis that 
occurs between the ages of 40 and 50 years. Other researchers have found no decline of 
stereoscopic ability with age. However, many of the experimenters did not use random-
dot stereograms and none of the researchers have thoroughly examined what particular 
aspects of stereoscopic ability may be deficient. These previous researchers were 
concerned only with whether or not observers possessed good stereoscopic acuity. They 
did not fully explore how older adults perceive depth differences defined by binocular 
disparity. The purpose of this experiment was to thoroughly examine the ability of both 
younger (i.e., 30 years of age and below) and older adults (i.e., 60 years and above) to 
perceive stereoscopically defined surfaces in depth and then compare their results. 
Method 
Observers 
Seven younger adults (mean = 22.3 years of age) and six older adults (mean = 
74.7 years of age) participated in the experiment. All of the observers had their visual 
acuity assessed by a standard test (i.e., the Landolt C; Riggs, 1965). The average smallest 
resolvable spatial detail subtended 1.0 minute visual angle for the younger observers and 
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1.29 minutes for the older observers (1.0 minute is equivalent to 20/20 vision measured at 
20 feet, and 1.5 minutes is equivalent to 20/30 vision). During the experiment, each 
observer wore the correction that gave the best acuity at a one meter viewing distance. 
Each observer was required to sign the informed consent form before testing began. The 
methods used in this experiment were approved by Western Kentucky University's 
(WKU) Human Subjects Review Board. 
Stimulus Displays 
Random-dot stereograms depicting sinusoidally shaped surfaces modulated in 
depth were shown to the observers (see Figure 5). The stereograms contained three levels 
of zero-peak image disparity (± 0.15, ± 0.40, and ± 0.65 cm, which corresponds to 
maximal retinal disparities of 5.2, 14.3, and 24.4 minutes of arc, respectively). The 
stereograms were viewed at a distance of 100 cm-the size of the stereograms in terms of 
visual angle was 17.06 degrees wide by 12.55 degrees tall. The sinusoidal surfaces had 
two spatial frequencies (0.25 and 0.75 cycles/degree visual angle), as well as two 
densities of texture elements on the surface (3,000 and 15,000 points, resulting in 
densities of 14 and 70 points/degree2 visual angle, respectively). The points were 
positioned with sub-pixel accuracy using anti-aliasing software techniques. This 
procedure allowed for more accurate control of each point's disparity, which defined its 
position on the surface in depth. 
Apparatus 
The stimulus displays were generated by an Apple Power Macintosh 8600/300 
and displayed on a Mitsubishi 21 inch monitor with a resolution of 1024 x 768 pixels. 
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Figure 5. A random-dot stereogram depicting a sinusoidally shaped surface modulated in depth 
that is similar to those used in Experiment 1. 
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The stereograms were presented to the observers using CrystalEyes 2 Liquid Crystal 
Display (LCD) shuttered glasses (StereoGraphics, Inc.). The left and right stereoscopic 
images were alternately presented on the computer monitor at a rate of 150 Hz. The LCD 
glasses operated in sync with the monitor, filtering the images so that the left stereoscopic 
image was seen only by the left eye, while the right image was seen only by the right eye. 
Each eye's view was therefore updated at a temporal rate of 75 Hz. The computer was 
also used to record the observers' responses during the experiment. 
Procedure 
The experiment consisted of 12 different conditions (3 levels of zero-peak image 
disparity x 2 spatial frequencies x 2 texture element densities). Within a single 
experimental session, the observers made eight adjustments for each condition. 
Therefore, each observer completed a total of 96 trials (12 conditions x 8 responses). 
Each experimental session lasted about 45 minutes, lessening the possibility of fatigue. 
Each observer's task was to adjust the length of a response bar using the computer's 
mouse until it matched the perceived depth interval between each sinusoidal surface's 
peak and trough. The observers' expected depth intervals were calculated for each 
condition using the equations given in Cormack and Fox (1985). All conditions were 
presented in a random order within a single experimental session. 
Results 
The results for the younger and older observers are shown in Figures 6 and 7 
respectively. In general, the observers in both age groups performed as expected. For 
almost all observers, regardless of age, their perceived depths increased as the amount of 
Low Density High Density 
Perceived Depth Interval (cm) Perceived Depth Interval (cm) 
o 
o 
o 
on 
o 
N> 
o 
ro CJI 
o 
o 
o 
ui 
o 
o 
o 
01 
o 
ro ro 
o ui 
o o 
Low Spatial Frequency High Spatial Frequency 
CO 
c 
a) 
O 
Q) 
CO 
C 
<u 
a 
o 
E t). 
To 
® 
a. 
a> 
Q 
"a 0) > 
B 
a) Q. 
E 
IB 
S 
(D 
C 
sz 
CL 
<D Q 
~o (D > 
<D 0 1 
<u 
a. 
25.0 -
20.0 
15.0 -
10.0 -
- 15.0 
25.0 
20.0 
10.0 -
Medium 
Image Disparity Image Disparity 
Figure 7. The results of the older observers in Experiment 1. 
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disparity in the stereograms increased. This increase was reflected by a significant main 
effect of disparity i n a 2 x 2 x 2 x 3 split-plot factorial Analysis of Variance, F(2, 22) = 
44.72, p < .001. However, the increases in perceived depth with disparity for the older 
observers were somewhat smaller than for the younger observers resulting in a significant 
age x disparity interaction, F(2, 22) = 10.65, p = .001 (see Figure 8). Despite this 
quantitative difference, most of the older adults' judgements were qualitatively similar to 
those of the younger adults' (see Figure 9). 
Increases in disparity led to larger perceived depths for 12 out of 13 observers, but 
this increase in perceived depth with disparity was different at the two spatial frequencies. 
In particular, there was a larger effect of disparity at the low spatial frequency and a 
slightly smaller effect at the high spatial frequency, F(2, 22) = 7.15, p < .01 (see Figure 
10). The high spatial frequencies were especially difficult for some of the older observers 
at high disparity levels (Figure 7). There was no significant effect of texture element 
density, at least for the levels used in this experiment, F(l, 11) = 4.70, p = .053. 
Discussion 
The findings of this experiment suggest that the elderly have a significant amount 
of stereoscopic functionality that is not qualitatively different from that of the younger 
adults. As the disparity in the random-dot stereograms increased, the magnitude of the 
perceived depth of both age groups also increased (Figure 9). However, there were 
quantitative differences in the performance of the two age groups. In past experiments, 
some researchers (Jani, 1966; Bell, Wolf, & Bernholz, 1972) have found significant 
differences in the stereoscopic abilities of younger and older observers, while other 
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Figure 8. The interaction of age and disparity that was found in Experiment 1. The error bars indicate ± one standard error. 
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Figure 9. The results of Experiment 1 comparing younger and older adults' ability to perceive depth interval magnitudes 
defined by binocular disparity. The line between the shaded and unshaded regions shows the expected depth intervals calculated 
from the equations given in Cormack and Fox (1985). The error bars indicate ± one standard error. 
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Figure 10. The effect of disparity at the two spatial frequencies used in Experiment 1. 
The error bars indicate ± one standard error. 
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researchers (Greene & Madden, 1987; Yekta, Pickwell & Jenkins, 1989) have found 
little or no difference between the age groups. The results of this experiment suggest that 
both of these groups may be correct in the sense that stereopsis is functional in the elderly 
(especially at lower spatial frequencies), but at reduced levels of performance. Greene 
and Madden (1987) and Yekta, Pickwell, and Jenkins (1989) are correct in concluding 
that the stereoscopic performance of older observers is often quite good, but Jani (1966) 
and Bell, Wolf, and Bernholz (1972) are also correct that there are significant age-related 
differences in stereoscopic abilities. In particular, the results of Experiment 1 showed 
that for any given amount of disparity, older observers do not perceive as much depth as 
younger observers. The depth intervals perceived by the younger observers are more in 
agreement with the depth interval magnitudes predicted by the geometry of stereopsis 
(Cormack & Fox, 1985). 
Chapter 3 
Experiment 2 
When one considers the many studies that have examined the stereoscopic 
abilities of the elderly, much has been learned. However, the testing has often been 
limited in scope. If there is a decline in stereoscopic functionality with age, what is the 
specific aspect of stereoscopic vision that is affected? The results of the first experiment 
suggest that older observers perceive less depth from disparity than their younger 
counterparts. However, it is not known at present whether there are any differences in the 
way older adults perceive the 3-D shape of objects. The perception of shape has not been 
tested in previous research. Therefore, the purpose of this experiment was to examine the 
ability of older adults to discriminate differences in the shape of object surfaces. 
Uttal, Davis, Welke, and Kakarala (1988) investigated stereoscopic shape 
discrimination in younger adults using random-dot stereograms. In those experiments, 
the observers were required to differentiate between eight differently shaped surfaces. 
Some of the surfaces were shaped like cylinders, hemispheres (i.e., bumps), hyperbolic 
paraboloids (i.e., saddles), and planes. They found that the surfaces could be recognized 
at performance levels that ranged from 45 percent to 80 percent correct. The recognition 
accuracy was consistently above chance performance (i.e., 12.5%). The number of points 
that defined the surfaces was also varied. It was found that when only four dots were 
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used to create the surfaces, observers achieved levels of 50% recognition accuracy. When 
ten dots were used, recognition performance climbed to around 90% and continued to rise 
with the addition of more dots (also see Norman & Lappin, 1992). 
All of the surfaces used in this experiment were smoothly curved. Koenderink 
(1990) has shown that the smoothly curved surfaces of objects contain only two general 
types of surface regions-synclastic and anticlastic. Synclastic regions on a 3-D object are 
either convex (a bump) or concave (a dimple or a depression), with similar curvatures in 
perpendicular directions. Anticlastic regions on a 3-D object are shaped like a saddle. 
They have opposite curvatures in perpendicular directions (For an example of synclastic 
and anticlastic regions see Figure 11). These synclastic and anticlastic regions are 
divided by a set or curve of monoclastic points where the surface is locally shaped like a 
cylinder (Koenderink, 1990). These findings are important, because any smoothly curved 
object, no matter how complicated, can be described or represented as a collection of 
synclastic and anticlastic areas. This experiment examined the observers' ability to 
discriminate between synclastic, anticlastic, and monoclastic surfaces. 
There are a variety of manipulations an experimenter can apply to random-dot 
stereograms to test the limits of an observer's stereoscopic functionality. One of these is 
to reduce the "correspondence" of dots in the stereogram. Julesz (1971) showed that 
reductions in correspondence have a large effect on the visibility of stereoscopic surfaces 
(Julesz, 1971, see Figure 8.1-2). One hundred percent correspondence means that all of 
the points in one eye's view have a corresponding point in a "similar" location in the 
other eye's view. If the correspondence is reduced, some points in one eye's view are 
Figure 11. A smoothly curved 3-dimensional object illustrating synclastic (red) and 
anticlastic (green) regions, that are separated by monoclastic points (black). 
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randomly repositioned and thus no longer have a corresponding partner in the other eye's 
view (see Figure 12). This correspondence "noise" disrupts stereopsis in younger 
observers (Julesz, 1971). It is possible that the elderly may be even more susceptible to 
disruptions of correspondence than younger observers. Therefore, correspondence was 
also manipulated in this experiment. 
Method 
Observers 
Ten observers participated in the experiment. Half of the observers were adults 
aged 60 or older (mean = 72.2 years of age) while the other half were 30 years old or 
younger (mean = 24.6 years of age). All of the observers had their visual acuity assessed 
in the same manner as in Experiment 1. The average smallest resolvable spatial detail 
subtended 1.0 minute visual angle for the younger observers and 1.35 minutes for the 
older observers. As in the last experiment, these methods were approved by the Human 
Subjects Review Board of WKU. Each observer read and signed the consent form 
before testing began. 
Stimulus Displays 
Random-dot stereograms depicted surfaces similar to those used by Uttal, Davis, 
Welke, and Kakarala (1988). The surfaces were shaped like hemispheres (i.e., bumps), 
hyperboloids (i.e., saddles), and cylinders, both vertical and horizontal (shown as 
stereograms in Figure 13). The surfaces were viewed through a circular occluding 
aperture (diameter = 5.72 degrees visual angle) so that the observers could not see the 
surfaces' outer boundary contour. The stereograms were displayed with one of two 
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Figure 12. An example of a random-dot stereogram with 70% correspondence (i.e., correspondence - 0.7; 
30% of the points are "noise"). 
K> 
0\ 
27 
Left Eye Right Eye 
• • • • • • • 
> 
Bump • • • • — 
• • • • • • • • 
• • • • . • • • . • , 
• • 
• • • • • • 
• • • « • • • • 
• • • • • • 
• • • • • • • • • • • • • • • • • • 
• • • • • • • • . * . • * • Saddle 
• • • • • • • • • • • • • • • • • • 
• • 
• Horizontal 
• Cylinder 
• • • 
• • • • • • • 
• • • • . • 
• • • • • 
• • • • • • • • • • « 
• • • 
. . • ' . • • • 
• • • • • * 
• • i 
• • 
• • 
• • • • « 
• • • • • 
• • • • • • • 
Vertical 
Cylinder 
• • 
• • 
• • • 
Figure 13. Examples of the four surfaces (bump, saddle, vertical cylinder, 
and horizontal cylinder) used in Experiment 2 (shown as stereograms). 
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texture element densities (15 or 100 points). The 100 point stereograms were displayed 
using three amounts of correspondence: 100%, 70%, and 40%. For example, 70% 
correspondence in a 100 point stereogram would mean that 70 points in one eye's view 
would have corresponding partners in the other eye's view, while 30 would not (i.e., 
those 30 points would be randomly repositioned in the other eye's view). The 15 point 
stereograms did not contain any reductions in correspondence. Therefore, there were a 
total of four display types (100 point surfaces with 3 levels of correspondence and 15 
point surfaces with 100% correspondence). 
In order to ensure an even, homogeneous distribution of points on the curved 
surfaces, the points were positioned according to the Antonov-Saleev variant of a two-
dimensional Sobol sequence (Press, Teukolsky, Yetterling, & Flannery, 1992). The 
radius of curvature for all surfaces viewed by the younger observers was 20 cm, while 
that for the older observers was either 10 cm (4 observers) or 5 cm (1 observer). 
Apparatus 
The same computer and monitor that were used in the first experiment were also 
used to generate and display the stereograms in this experiment. The computer was also 
used to collect and record the observers' responses. The same LCD shuttered glasses that 
were used in Experiment 1 were used in this Experiment as well. All other details were 
the same as in Experiment 1. 
Procedure 
The experiment consisted of 16 different conditions formed by the combination of 
four differently curved surfaces (bumps, saddles, vertical cylinders, and horizontal 
29 
cylinders) and four display types (three correspondence levels for 100 point surfaces and 
100% correspondence for 15 point surfaces). The low and high density surfaces were 
presented in separate blocks of trials. In the first four blocks, the 100 point conditions 
were shown to the observers while the fifth block contained the 15 point surfaces. Within 
the first four blocks of trials, the observers made ten judgments per condition. Therefore, 
there were 120 trials within each of the first four blocks (12 high density conditions x 10 
judgments). There were 160 trials in the fifth block (four low density conditions x 40 
judgments). The observers were expected to complete all five blocks during a single 
experimental session. In between blocks, they were allowed to take a break if they so 
desired. The total number of trials in a session was 640 (16 total conditions x 40 
judgments per condition). Each experimental session usually lasted about 1.5 hours. The 
observers' task on each trial was to indicate to the experimenter which of the four 
surfaces had been presented. The experimenter would then press a key on the computer's 
keyboard to record their choice. All of the surfaces (and correspondences for the high 
density blocks) were presented in a random order within any given block of trials. 
Results 
The results for the younger and older observers are shown in Figures 14 and 15, 
respectively. Although the stereoscopic surfaces that were shown to the older age group 
had more curvature (i.e., a 10 cm as opposed to 20 cm radius of curvature), both groups 
were similarly affected by the changes in point density and correspondence within the 
four different display types. In particular, performance deteriorated as the correspondence 
within the stereograms was decreased. As can be seen in Figure 16, the decline in 
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Figure 14. The results of the younger observers in Experiment 2, showing the effects of correspondence and surface point 
density. The effects of density are indicated for stereograms with a correspondence of 1.0. The dashed line at 25% represents 
chance performance. 
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Figure 15. The results of the older observers in Experiment 2, showing the effects of correspondence and surface point 
density. The effects of density are indicated for stereograms with a correspondence of 1.0. The dashed line at 25% represents 
chance performance. 
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Figure 16. The effects of correspondence for both age groups in Experiment 2. The dashed line at 25% represents chance 
performance. The error bars indicate ± one standard error. The error bars for the older observers are wider than those for the 
younger observers. 
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performance was remarkably similar for both younger and older observers. In addition, 
both age groups were similarly affected by changes in the density of points defining the 
stereoscopic surfaces (see Figure 17). These effects were verified by two 4 x 4 factorial 
within-subject Analyses of Variance-one for each age group. The Analyses of Variance 
for both age groups revealed a significant effect of display type (F(3, 36) = 74.51, £ < 
.001 and F(3, 27) = 54.75, p < .001 for the younger and older groups, respectively). A 
Scheffe post-hoc analysis revealed that the performance for each of the correspondence 
conditions was significantly (p < .05) different from the others. The post-hoc analysis 
also revealed that the performance for the high and low density conditions was 
significantly (p < .05) different for both age groups. 
The results for an additional older observer are shown in Figure 18. This 
observer's results are presented separately since she needed more curvature than the other 
older observers (5 cm radius of curvature) in order to perform the shape discrimination 
task at above chance levels. In addition, the results shown in Figure 18 for this observer 
are based on 20 trials per condition. The overall pattern of results for this observer is 
similar to those of the other observers. However, in general, her performance was less 
accurate. All of the discrimination performances shown in Figure 18 for this observer are 
above chance levels, except for that of the 100 point surfaces with 0.4 correspondence 
( X 2 ( 3 ) = 6 .8 ,p>.05) . 
The results of the Analyses of Variance revealed that there was a significant main 
effect of surface shape (F(3, 36) = 17.74, p < .001 and F(3, 27) = 11.59, p < .001 for 
younger and older adults, respectively) as well as significant observer x surface shape 
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Figure 17. The effects of surface point density for both age groups in Experiment 2. The effects of density are indicated for 
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interactions for both groups (F(12, 36) = 5.55, p < .001 and F(9, 27) = 4.69, p = .001 for 
younger and older adults, respectively). In general, recognition performance was worst 
for the vertical cylinders. The most recognizable surface for half of the observers was the 
bump, but for the other half of observers it was the horizontal cylinder-this difference is 
responsible for the significant observer x shape interactions. 
Luce's (1963) methods were used to determine which pairs of surfaces for a given 
condition were highly discriminable (i.e., less confusable) and which pairs of surfaces 
were less discriminable (i.e., more confusable). The measure of discriminability used by 
Luce (-In r|) is analogous to the d' measure of signal-detection theory (Swets, 1964), and 
has been used to analyze how human observers make choices and discriminate between a 
set of alternatives. It has been used in the past (i.e., Norman, Lappin & Zucker, 1991) to 
measure how accurately human observers discriminate between 3-D objects defined by 
stereopsis. In analyzing the results of this experiment, -InTi was calculated according to 
the following equation: 
-In i"| = V2 In (Nu + 0.5)(7V"2.2 + 0 . 5 ) 
(M.2+ 0.5)(7V2,I + 0.5) 
where M, i is the number of responses of "1" for surface 1 (e.g., responding "bump" when 
the surface was a "bump"), M,2is the number of responses of "2" for surface 2 (e.g., 
responding "saddle" when the surface was a "saddle"), N\,2 is the number of responses of 
"1" for surface 2 (e.g., responding "bump" when the surface was a "saddle"), and M,i is 
the number of responses of "2" for surface 1 (e.g., responding "saddle" when the surface 
was a "bump"). A -In r\ value of 0 represents chance performance, values of 1.0 represent 
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moderately good performance (73% correct responding), and values of 2.0 or higher 
indicate very good discrimination performance (88% and above performance). 
The results for these analyses are shown in Figure 19 for both the younger and 
older observers for the 100 point surfaces with 1.0 correspondence. Out of the six 
possible pairs of surfaces, the bump-saddle and saddle-horizontal cylinder pairs were the 
most discriminable. The fact that the bump and saddle surfaces are easily discriminable 
is not surprising given Koenderink's (1990) analysis of smoothly curved objects in terms 
of bumps (i.e., synclastic regions) and saddles (i.e., anticlastic regions). Essentially all 
observers at both age groups showed this pattern. 
Discussion 
The findings of this experiment suggest that older adults can perceive the shape of 
stereoscopically defined surfaces at a performance level similar to that of younger adults 
if the surfaces have more depth and curvature. The manipulation of correspondence and 
the number of points defining the surfaces affects the elderly in the same way that it 
affects younger adults. In particular, as correspondence and point density are reduced, the 
perception of surface shape becomes more difficult for both age groups. It is important to 
note that the older observers can discriminate differences in stereoscopic shape at reduced 
levels of correspondence. 
Observers in both groups showed individual differences in recognizing surface 
shape. Despite some individual differences, however, the vertical cylinders were 
typically the most difficult surfaces to recognize overall. This is consistent with Norman 
and Lappin's (1992) finding that the curvatures of vertical cylinders were the most 
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difficult to detect. As was expected, bumps and saddles were the easiest for the observers 
to discriminate regardless of age, supporting Koenderink's (1990) idea that these 
qualitatively distinct regions are important for the perception of shape. In summary, the 
results of this experiment demonstrate that older adults' perception of shape is not 
functionally different from younger adults. The results do show that older observers are 
less sensitive to stereoscopic depth and curvature, but their pattern of results is essentially 
identical to that of younger adults. 
Chapter 4 
General Discussion 
The findings of both Experiments 1 and 2 clearly show that nearly all of the older 
adults in the study possess stereopsis. They can perceive differences in shape 
(Experiment 2) and magnitude of disparity (Experiment 1). When the stereoscopic 
surfaces in Experiment 1 had small disparities, the older adults perceived small depth 
differences between the surfaces' peaks and troughs. Likewise, when the surfaces were 
defined by large disparities, the older adults perceived larger depth differences. This 
result is in accordance with the geometry of stereopsis (Cormack & Fox, 1985), and 
seems surprising given Wright and Wormald's (1992) finding that only 27% of older 
adults above 65 years of age had full stereopsis and Jani's (1966) finding that 29% of 
adults above 60 failed the test of stereopsis used in his experiment. In those experiments, 
the stereoscopic "failures" occurred when the observers were asked to detect extremely 
small differences in disparity (i.e., stereoacuity judgments). Such measurements do not 
necessarily reveal how older observers perform when larger disparities are available. The 
difference between the tasks used by Jani (1966) and Wright and Wormald (1992) and the 
ones used in Experiments 1 and 2 probably accounts for the differences between the two 
sets of results. 
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The tasks asked of the observers in Experiments 1 and 2 are probably more 
representative of those performed in everyday life than those of Jani (1966) and Wright 
and Wormald (1992). People use their stereoscopic ability to help them perceive the 
shape of objects and where they are located relative to them in depth. Stereopsis is also 
used to estimate the extent of objects in depth. In these experiments, little difference was 
found in the ability of younger and older observers to perform the tasks, except for an 
overall reduction in sensitivity to disparity for the older observers. 
In Experiment 1, it was found that as the disparities of the sinusoidal surfaces 
increased, both age groups perceived larger depth differences. However, for any given 
magnitude of disparity, the older observers perceived less depth than the younger 
observers. The findings of Experiment 2 were similar; although older adults could 
discriminate between the four differently shaped surfaces, they required more curvature 
(i.e., a smaller radius) to perform as accurately as the younger adults. Other than this 
reduction in sensitivity to depth and curvature, no other differences were evident. For 
example, both age groups were affected equally by the reductions in the correspondence 
of the stereograms. Older adults can apparently tolerate just as much of a disruption in 
correspondence as can younger adults. In particular, they can discriminate surface shape 
at above chance levels for a correspondence of 0.4, where more than half of the points in 
the stereogram are "noise." The older observers' performance was as robust as the 
younger observers. The effects of lowering the density of the stereograms for the older 
adults were also similar to those of the younger adults. Although the older observers 
were 
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slightly more affected than their younger counterparts by the reductions in the number of 
points defining the surfaces, they still performed at levels well above chance. 
The choice theory analysis (Luce, 1963) indicated other similarities as well. In 
particular, both younger and older observers found the saddle-bump and saddle-horizontal 
cylinder pairs of surfaces to be more discriminable than the other pairs. The saddle and 
bump are very different geometrically, and both age groups were able to capitalize on this 
difference. 
The most important finding of both Experiments 1 and 2 is the fact that older 
adults can, for the most part, perceive the shape and depth of stereoscopic surfaces. They 
are able to effectively exploit the information provided by retinal disparity. The findings 
in these experiments are thus consistent with those of other researchers who have found 
little or no significant difference between the perceptual abilities of younger and older 
adults (Greene & Madden, 1987; Yekta, Pickwell, & Jenkins, 1989). More research will 
be needed to determine whether the similarities documented in these experiments extend 
to other stereoscopic tasks as well. 
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